The 3' untranslated region (3' UTR) of transcribed RNA has recently been demonstrated to have important biological functions. The 3' UTRs of two important protooncogenes, c-myc and c-fos, have AU-rich elements that act to destabilize the full-length mRNA by facilitating the removal of the poly(A) site; in this fashion the 3' UTRs of protooncogenes control the amount of their own mRNA that is available for translation (1) (2) (3) (4) (5) (6) . Similarly, the cytokine granulocyte/macrophage colony-stimulating factor (GM-CSF) has a region within its 3' UTR that causes degradation of the message (7, 8) . Since the half-life of this mRNA controls its gene expression level, the 3' UTR has a profound influence on GM-CSF gene expression. Interleukin 1 increases GM-CSF expression by stabilizing its mRNA, perhaps by binding to the 3' UTR of GM-CSF mRNA. The 3' UTR of human papillomavirus acts to destabilize late mRNAs as well, negatively influencing its own gene expression (9) . Another example of 3' UTRs influencing gene expression by destabilizing their mRNAs occurs in a highly unstable set of transcripts in soybeans, the auxin-up RNAs (10) . In Xenopus oocytes, the 3' UTR of a transcript called XRh box 2B causes endonuclease activity of specific nucleotide sequences, providing another example of how this region can negatively influence gene expression, but of sequences other than its own (11) . Numerous other transcripts have their stability decreased through elements in the 3' UTR (12, 13) . Expression is also controlled by decreases in translatability (14, 15) . The role of the 3' UTR on translation has recently been reviewed (16, 17) .
In other cases, a 3' UTR has a positive influence on gene expression. The 3' UTR of tobacco mosaic virus mRNA forms a tertiary structure that includes a pseudoknot. Adding this 3' UTR to foreign transcripts dramatically increases their expression in prokaryotes and eukaryotes (18, 19) , by increases in translational efficiency and mRNA stability. Other mRNAs also show increases in stability (20) or translational efficiency with given 3' UTRs (21, 22) . Drosophila pattern formation is influenced by the 3' UTRs of nanos (23) and bicoid (24) . The posterior determinant nanos, important in abdominal segmentation, exerts its effect by its 3' UTR inhibiting maternal hb gene expression. Drosophila embryos acquire anterior-position determination by a gradient of bicoid protein; this gradient requires the 3' UTR of bicoid mRNA.
A 3' UTR can affect mineral metabolism. Eukaryotic selenoproteins have sites within the 3' UTR that are critical for selenocysteine incorporation in the coding region (25) . An iron response element within the ferritin and transferrin receptor transcripts allows the expression of these genes to be controlled by iron availability (26, 27) . The iron response element for transferrin receptor, to which a protein binds, is found within the 3' UTR of its transcript.
A different function for 3' UTRs is revealed by localization of actin transcripts in myoblasts, which is determined by the 3' UTR of its mRNA; this region may function as a "zip code" (28) . The 3' UTR also determines localization in vivo for transcripts of the chloroplast genes rbcl and psaB in Chlamydomonas (29) .
The most surprising consequence of a 3' UTR was observed for the muscle structural proteins troponin I, tropomyosin, and cardiac actin. The 3' UTRs of these transcripts have been shown by genetic complementation to permit differentiation in a mutant myoblastic cell line that is defective in differentiation (30) . Wild-type muscle cells were augmented in their differentiation by introduction of these 3' UTR sequences, and proliferation of 10T'/2 fibroblasts was suppressed, suggesting that the 3' UTRs of certain differentiation-specific RNAs are trans-acting regulators in a feedback loop that can inhibit proliferation and promote differentiation. The 3' UTR of a-tropomyosin also suppressed tumor growth in mutant myogenic cells that form tumors in mice, further suggesting that untranslated RNAs can function as regulators of cell proliferation (31) . The work to be described below extends these last observations by showing that 3' UTRs can transdifferentiate primary chicken fibroblasts into muscle cells.
MATERIALS AND METHODS
Cell Culture. Fibroblasts were cultured from day 12 chicken embryos by autodigestion of skin as described (32 plates with culture medium consisting of high glucose DMEM supplemented with 10% fetal bovine serum and containing 50 units of penicillin per ml, 50 jig of streptomycin per ml, 2 ,ug of amphotericin per ml, 50 ,ug of ascorbic acid per ml, 250 ,ug of glutamine per ml, and 20 mM Hepes. Outgrowths of cells from the bone fragments appeared within 4-5 days and formed confluent monolayers at 7-10 days. After the bone explants were removed, the confluent cells were trypsinized and plated on collagen-coated coverslips in 35-mm culture plates at 1 x 105 cells per ml. All cells are maintained at 37°C in a humidified incubator with 5% CO2.
Production of Construct for Transfection. A plasmid containing the avian skeletal a-tropomyosin cDNA was provided by S. Hitchcock-DeGregori (33) and was cloned into the eukaryotic expression vector pCMV5 (34) . The 3' UTR of this cDNA was amplified by designing PCR primers to the 5' and 3' ends of this sequence [excluding the poly(A)denylation sequence] and performing PCR using full-length skeletal a-tropomyosin as a template. Nucleotides encoding unique restriction sites were added to either end of the primers to allow directional cloning into a vector (pCMV5) cut with the same restriction enzymes. A 300-bp fragment was released from DNA purified from bacteria transformed with this construct after digestion with the unique restriction enzymes flanking the cloning site, as expected. All cloning procedures were adapted from described protocols (35) . Control transfections were performed with the vector pCMV5 alone and with pRSV-,Bgal, a construct encoding the lacZ gene (gift of R. Singer; ref. 28) , allowing the determination of whether cells exposed to transfection cocktail take up and express foreign DNA.
DNA Transfection. Several transfection methods were compared. Best results were obtained when cells were transfected with small unilamellar liposomes containing LipofectAmine (GIBCO/BRL) using published procedures (36) . Cells were cultured as above until they were 80-90% confluent. For each 35-mm dish, 5 ,ug of DNA was diluted to 100 ,ul in Opti-MEM (Life Technologies, Gaithersberg, MD) supplemented with 55 ,uM 2-mercaptoethanol (2-ME) (GIBCO/BRL), and 10 ,ul of LipofectAmine was diluted to 100 1.l in Opti-MEM/2-ME.
The DNA and reagent dilutions were then combined in a polystyrene tube and allowed to stand for 20 min at room temperature. Cells were washed twice with Opti-MEM/2-ME, and 800 ,ul of serum-free Opti-MEM/2-ME medium was added to the cultures. The 200 ,ul of reagent-DNA complex was added to the cultures, and the cells were incubated 6-8 hr before adding an equal volume of complete growth medium with 20% serum, bringing the final serum concentration to 10%. Cells received fresh growth medium at 24 hr and were processed for immunofluorescent staining 24-72 hr after transfection.
Immunofluorescent Staining. Tropomyosin protein is detected in cultured cells by using antibodies specific for muscle tropomyosin (37) and nonmuscle tropomyosin (T4780; Sigma) after transfection, similar to a published procedure (38) . Titin and myosin heavy chain proteins are detected with antibodies specific for muscle titin (39) Nordic Immunologicals (Tilburg, The Netherlands). An antibody to f3-galactosidase was obtained from Promega and used at 1:500 dilution.
RESULTS
Tropomyosin isoforms assemble by different pathways in skeletal muscle and in nonmuscle cells (40) . When we sought to examine the assembly of muscle-specific tropomyosin in chicken embryonic fibroblasts by transfecting the cells with a plasmid encoding chicken skeletal muscle a-tropomyosin, an unexpected result was obtained. Passaged chicken embryonic fibroblasts that expressed skeletal tropomyosin from a plasmid during a transient transfection became spindle shaped and elongated (Fig. 1A) . Many of the spindle-shaped cells that express skeletal muscle tropomyosin also express titin, the 3 mD marker of striated muscle differentiation (Fig. 1B) . Tropomyosin and titin were found in fibrillar longitudinal strands, and in some cells the proteins were organized in sarcomeric arrays, as early as 24 hr after transfection. In areas where several cells expressing tropomyosin were close, they appeared to have fused, as multinucleated cells with as many as five nuclei were observed. Cultures allowed to express muscle tropomyosin for 72 hr showed a higher frequency of multinucleated cells with titin in periodic arrays. Dishes containing cells that had been mock-transfected showed no cells expressing muscle tropomyosin or titin. By all criteria used, the fibroblasts had transdifferentiated into striated muscle cells.
Numerous examples point to connections between cell shape and gene expression (41), so it was possible that this transdifferentiation was a consequence of a cell shape change induced by expression of skeletal tropomyosin. However, genetic screens for regulators of muscle development detected several muscle-specific 3' UTRs that complemented the deficiencies of a differentiation-minus muscle strain (30) . To distinguish between these two possibilities, we transfected embryonic fibroblasts with a plasmid expressing only the 3' UTR of skeletal muscle tropomyosin. Cells in cultures transfected with this construct also became spindle shaped (Fig.  2A4) . Spindle-shaped cells expressed skeletal muscle tropomyosin; many also expressed titin, often in periodic arrays. Multinucleated cells expressing titin often had the overall morphology of young myotubes (Fig. 2B) . Another marker of muscle differentiation, muscle-specific myosin heavy chain, was also detected in these cells (Fig. 2C) . When cells expressing titin or myosin were in proximity they apparently had fused, as multinucleated cells were observed ( Fig. 2 B and C) . All transfection with the full-length muscle tropomyosin were also observed after transfection with the 3' UTR of muscle tropomyosin alone.
Fibroblasts and myoblasts derive from mesenchymal lineages. The ability of the 3' UTR to transdifferentiate fibroblasts may reflect the closeness of fibroblasts to myoblasts in developmental pathways. To determine how broadly the 3' UTR of muscle tropomyosin could act to transdifferentiate cells, the tropomyosin 3' UTR was transfected into embryonic chicken osteoblasts. At 24 hr after transfection, many osteoblasts expressed muscle tropomyosin but remained flat and isodiametric (Fig. 34) also expressed titin (Fig. 3B) , which, like the muscle tropomyosin, showed little organization. In addition, cells expressing titin and tropomyosin appeared vacuolated and were never multinucleated, although clusters of three to six cells were often seen. It appeared that although the 3' UTR of tropomyosin could evoke several components of muscle differentiation from these cells, the osteoblasts were limited in their response to the 3' UTR and failed to progress as far along the path of muscle differentiation.
The usual sequence of development in muscle involves turning off nonmuscle genes as well as turning on musclespecific ones. For tropomyosin, this change in expression involves changing the use of splice sites during mRNA processing. When cultures were stained with antibodies specific for muscle or for nonmuscle isoforms, cells that expressed the muscle isoform still contained nonmuscle tropomyosin (Fig.  4A) . In Fig. 4, the lefthand column (A, D, and G) shows cells stained for nonmuscle tropomyosin; the center column (B, E, and H) shows the same cells stained for muscle tropomyosin; the righthand column (C, F, and I) shows the images of muscle and nonmuscle tropomyosin merged. In Fig. 4 , the top row (A-C) shows a transfected fibroblast expressing nonmuscle and muscle tropomyosin; the middle row (D-F) shows a fibroblast in the same culture expressing only nonmuscle tropomyosin; the bottom row (G-I) shows a transfected osteoblast expressing muscle and nonmuscle tropomyosin and several nontransfected cells expressing only nonmuscle tropomyosin. In fibroblasts and osteoblasts, the two tropomyosin isoforms are found extensively colocalized. However, in fibroblasts expressing the muscle isoform, tropomyosin is found in longitudinal fibers and periodic arrays. In osteoblasts and in fibroblasts expressing only nonmuscle tropomyosin, the tropomyosin isoforms are found in stress fibers that are distributed through the cell.
Several controls were performed. These included transfection with the viral vector lacking the tropomyosin 3' UTR insert; in this case, no cells expressed muscle tropomyosin (Fig.  5 A and B ). An additional control to confirm that skeletal tropomyosin expression was induced by transfection was to transfect cells with plasmids encoding tropomyosin 3' UTR and 3-galactosidase simultaneously. When such cells were stained for tropomyosin and f3-galactosidase, most cells positive for tropomyosin were also positive for 03-galactosidase (Fig. 4 C and D) , confirming that these cells were transfected.
DISCUSSION AND CONCLUSIONS
Regulation by the Tropomyosin 3' UTR. A genetic screen developed by Rastinejad and Blau (30) revealed that four muscle-specific proteins had 3' UTRs in their mRNA that could complement the deficiencies of a mutant muscle line unable to complete differentiation. The investigators also examined the effect of the tropomyosin 3' UTR in 10T½/2 fibroblasts; when these immortal fibroblastic cells expressed the tropomyosin 3' UTR, they stopped dividing but did not progress further along the path of muscle development. Expression of the tropomyosin 3' UTR also reversed the phenotype of a transformed cell line, restoring anchorage dependence and suppressing tumor formation (42) . Although several possible mechanisms for these effects were discussed, none has yet been identified. The investigators proposed calling such RNAs "riboregulators."
The observation of complementation by Rastinejad and Blau (30) was surprising. Those investigators observed growth inhibition only when they exposed 10T/2 cells to the 3' UTR of mouse skeletal tropomyosin. That the fibroblasts examined in the current study transdifferentiated into muscle may reflect in part the euploid state of the embryonic chicken fibroblasts. Other investigators have obtained better muscle differentia- fibroblasts and osteoblasts, the two tropomyosin isoforms are found extensively colocalized, as displayed in the merged images. However, in fibroblasts expressing the muscle isoform, tropomyosin is found in longitudinal fibers and periodic arrays.
In osteoblasts, the tropomyosin isoforms are found colocalized in stress fibers that are distributed through the cell. Thus, the endogenous nonmuscle tropomyosin persists in transfected cells but is organized differently in fibroblasts than in osteoblasts. (x 1000.) tion with myoD by expressing it in primary cultures (43) , which are presumably euploid; 10T/2 cells are not.
More than euploidy of the cells is required for transdifferentiation, however. The osteoblasts tested here began expressing titin and tropomyosin but failed to organize the muscle proteins or to fuse. The osteoblasts are also euploid, so this difference in response presumably reflects differences in developmental potential between fibroblasts and osteoblasts. Such differences are observed in other cases of transdifferentiation.
Transdifferentiation. Rastinejad and Blau (30) (49) .
We have extended earlier work (30) with the observation that the 3' UTR of skeletal a-tropomyosin evokes several aspects of the muscle program from fibroblasts. This strongly suggests that the tropomyosin 3' UTR is not merely complementing some late step in muscle development but can turn on the whole suite of genes involved in muscle development. To our knowledge, transdifferentiation of nonmuscle cells into muscle by anything other than nuclear DNA binding proteins such as MyoD and myf has not been reported previously.
Most studies of transdifferentiation used embryonic cells (44, 50) ; however, in some cases adult cells retain the ability to Cell Biology: L'Ecuyer et al. transdifferentiate (46, 51) . In addition, transdifferentiation in most cases involves the change of phenotype from one cell type to one other cell type, implying that a given cell type has some plasticity that is constrained as to the alternate cell types it can express. This is consistent with our observation that osteoblasts only respond partially to the tropomyosin 3' UTR.
This system offers another possibility. Syngeneic mouse myoblasts can be transplanted into and fuse with existing myofibrils; allogeneic cells are rejected in weeks, even with immunosuppression (52) . The only syngeneic source of myoblasts for human transplantation is a patient's cells or those of an identical twin. Obtaining sufficient satellite cells to correct a gene defect and transplant them back into an individual will always be limited by the scarcity and inaccessibility of satellite cells. If postembryonic fibroblasts also transdifferentiate, this system will offer a new source of cells for transplantation. Additionally, local treatment with the gene for skeletal tropomyosin or its 3' UTR and a corrective gene might allow transdifferentiation of fibrotic cells in situ.
The mechanism by which the 3' UTR acts to transdifferentiate cells or to complement differentiation is unknown. It seems unlikely, however, that the 3' UTR will bind directly to DNA. It may be that control through the 3' UTR is more robust than regulation through DNA binding proteins such as myoD, because small changes in the binding site of myoD can alter the specificity of myoD to permit activation of other genes. It is possible that the mechanism by which the 3' UTR regulates gene expression will resemble the interactions between tRNAs and charging enzymes, in which overall secondary structure is more important than local sequences. If so, it seems likely that small mutations are likely either to be without effect or to abolish activity. Thus, using the 3' UTR to induce muscle differentiation may entail less risk of accidently inducing expression of other, unwanted genes. Whether this proves to be the case, the induction of a complete cell phenotype solely through the expression of an RNA that produces no protein opens exciting questions about gene expression.
